Abstract An integration vector, pORI13, was developed to screen in Lactococcus lactis for expression signals induced by changes in the environment and to assay transcriptional activity of genes in single copy. The plasmid carries a promoterless Escherichia coli lacZ gene preceded by a start codon, a lactococcal ribosome binding site, and a multiple cloning site. Chromosomal Sau3AI fragments of L. lactis MG1363 DNA were cloned in pORI13 using a RepA + E. coli as host. The resulting bank of plasmids was used for Campbell-type integration into the chromosome of L. lactis MG1363. The relatively large size of the chromosomal fragments used increases the chance of retaining complete genes in the targeted region. Screening of integrants in the presence of 0.3 M NaCl resulted in the isolation of a clone (NS3) in which expression of lacZ was dependent on the concentration of chloride ions.
Introduction
A number of promoter-screening systems for L. lactis have been described, in which dierent reporter genes were used: Escherichia coli lacZ (Israelsen et al. 1995) . E. coli gusA (Platteeuw et al. 1994) , L. lactis lacG (Simons et al. 1990 ) and various chloramphenicol acetyltransferase (or cat) genes ( Van der Vossen et al. 1985; Bojovic et al. 1991; Koivula et al. 1991) . In most cases, these systems are plasmid based. Multiple copies of a regulated promoter on a plasmid may interfere with the regulation mechanism by titration of regulatory proteins. In addition, plasmid copy numbers may vary. Therefore, to assess the expression of a regulated gene accurately, transcriptional fusion to a single copy of a reporter gene in the chromosome is preferable. Recently, a Tn917-based promoter-screening system using lacZ as a reporter has been used to identify lactococcal promoters expressed under conditions of low temperature and low pH (Israelsen and Hansen 1993; Israelsen et al. 1995) . Transposon insertion, however, results in many cases in gene disruption.
A new promoter-screening system was therefore developed, in which the Campbell-type integration vector pORI13 was used to search for environmentally regulated promoters. pORI13 is a member of the pORl family of integration vectors that can replicate only in helper strains providing in trans the RepA plasmid replication protein from the broad host range lactococcal plasmid pWV0l. The pORl vectors can integrate into the chromosome of host strains by recombination if RepA is absent and homology with the chromosome is provided. pORl vectors have been used for the generation of random insertion mutants and for the construction of targeted chromosomal deletions by replacement recombination (Law et al. 1995; Leenhouts et al. 1996) . Here another variant, suitable for single-copy promoter screening and analysis is presented.
Results
In pMG60 (Table 1) lacZ of E. coli is fused to lactococcal translation signals from orf-32 ( Van der Vossen et al. 1987 ). This lacZ cassette was inserted into the integration vector pORl28 in a number of steps using the lactococcal RepA + helper strain LL108. The resulting plasmid was designated pORI13 (Fig. 1) . It contains translational stop codons in all three reading frames, upstream of, or overlapping the start codon of lacZ to prevent translational fusions. Plasmid pORI13 did not produce detectable b-galactosidase activity when allowed to replicate in L. lactis strains LL108 and LL302.
A genome bank in pORI13 was constructed by making a partial Sau3AI digest of total chromosomal DNA of L. lactis MG 1363 to obtain a majority of fragments ranging in size from 1 to 10 kb. These were ligated into the alkaline phosphatase-treated BamHI restriction enzyme site of pORI13. The ligation mixture was used to transform E. coli EC1000 (RepA + ). Transformants were collected from agar plates bȳ ooding each plate with 2 ml of TY broth, and their plasmid DNAs were isolated. The plasmid mixture was used to transform L. lactis MG1363 (pVE6007). Plasmid pVE6007 encodes a temperature-sensitive RepA protein.
Integration of the pORI13 derivatives into the L. lactis chromosome was achieved by incubation of the transformants at 37°C as described by Law et al. (1995) . In this way, Em r colonies were obtained after plating onto GM17 agar containing 0.5 M sucrose and 0.008% Xgal, 2 lg/ml erythromycin and 0.3 M NaCl. Southern hybridisation analysis of 13 clones showed that pORI13 had integrated at 13 dierent positions in the chromosome of these clones (data not shown). One hundred and ninety-®ve colonies showed various levels of blue staining in the presence of NaCl and X-gal after prolonged incubation at 30°C, also indicative of lacZ insertion in dierent transcribed regions. These colonies were transferred to GM17-X-gal agar plates with or without 0.5 M NaCl. One clone selected, designated L. lactis NS3, produced blue colonies on plates with NaCl but was white on plates without added NaCl.
The integrated pORI13 derivative of NS3 (pNS3) was rescued as described (Law et al. 1995) and still showed the NaCl-dependent phenotype when present in the replicating form in L. lactis LL108. Restriction enzyme This study a L. lactis was grown at 30°C in M17 broth, with a ®nal concentration of 1.9% b-glycerolphosphate and 0.5% glucose. Erythromycin (Em) and chloramphenicol (Cm) were used at ®nal concentrations of 5 lg/ml analysis of pNS3 revealed that about 10 kb of chromosomal DNA was present upstream of lacZ. Digestion with PstI, EcoRI and XbaI was used to map the NaCldependent promoter (Fig. 2) . Deletions derivatives of NS3 were analysed on a plasmid in L. lactis LL108, with an intact copy of NS3 on the chromosome. The DNA region involved in NaCl-dependent gene expression is located between 540 and 440 bp upstream of the fusion point. The nucleotide sequence of this region was determined and is presented in Fig. 3 . Two open reading frames (orf) were identi®ed, separated by a 143 bp noncoding region. No known proteins similar to the deduced amino acid sequence of the 5¢-orf were found. This orfY is directly followed by a 21-bp inverted repeat that may form a hairpin structure, functioning as a rhoindependent terminator, with a calculated DG[25°C] of A35.0 kcal/mol (Tinoco et al. 1973) . The 3¢-truncated orfX, to which lacZ had been fused at codon 119, is preceded by a putative ribosome binding site and its deduced amino acid sequence is similar (69% of 119 residues are identical) to the N-terminal sequence of the putative amino acid antiporter GadC from Shigellā exneri (Waterman and Small 1996). On the basis of the deletion studies and the nucleotide sequence, a NaCl-dependent start point of transcription was expected in the 100-bp region between the inverted repeat and the start of orfX. Primer-extension analysis was carried out using RNA isolated from LL108(pNS3d) grown in the absence or presence of 0.5 M NaCl (Fig. 4) . Transcription started at an A residue 68 bp upstream of the AUG start codon of the L. lactis orfX (position 141 in Fig. 3) . No primer-extension product was obtained with RNA from cells grown in the absence of NaCl. The same NaCl-dependent start point was observed using RNA isolated from L. lactis MG1363 (not shown). Nine base pairs upstream of the transcription start point a A10 hexanucleotide was identi®ed that diers in only 1 nucleotide from the consensus sequence (Van de Guchte et al. 1992) . Further upstream, no A35-like hexanucleotide could be discerned. Instead, a 21-bp inverted repeat is located 19 bp upstream of the A10 hexanucleotide, suggesting that this structure may have a role in gene expression.
A number of compounds were tested for their ability to induce lacZ expression in L. lactis NS3 (Table 2) . Since high levels of sucrose or glycerol in the growth medium resulted in low levels of enzyme activity, high osmolarity did not induce b-galactosidase expression. High levels of lacZ expression were obtained in the presence of chloride ions, while little or no lacZ expression was detectable in the presence of other ions. No induction of b-galactosidase activity was observed on increasing or decreasing the growth temperature. Interestingly, b-galactosidase activity increased logarithmically with NaCl concentrations in medium containing increasing concentrations of NaCl from 0 to 500 mM (data not shown).
Discussion
A reporter integration strategy was developed to identify gene expression signals in the chromosome of L. lactis. This strategy has the advantage that the expression signals can be monitored in a single-copy situation. The relatively large size of the chromosomal fragments used for integration increases the probability that, upon integration of pORI13, in addition to the disrupted copy, a wild-type version is retained in the transformed strain. This may imply that also two copies of a promoter and a target site for regulation are present in such a strain. An additional advantage of the strategy is that regulatory elements upstream of the fragment required for Campbell integration can be traced. After integration at the 3¢-end of an operon, lacZ will come under the control of a promoter upstream of the fragment used for recombination. The host/vector system described here is suitable (pNS3d) were grown to an absorbance (at 600 nm) of 0.5 in GM17 containing the indicated ®nal concentration of a compound b Cell extracts were prepared as described by Van de Guchte et al. (1992) , b-Galactosidase activity was determined as described by Miller (1972) . Protein concentrations were determined by the method of Bradford (1976) . Values are means of at least three independent experiments; standard deviations are given in parentheses Fig. 4 Determination of the transcriptional start point of the NaClinducible transcript in NS3. Primer extension products were synthesised by using RNA from exponentially growing L. lactis LL108(pNS3d) (OD 600 of 0.5), cultured with (+) or without (A) 0.5 M NaCl. RNA was isolated as previously described (Van Asseldonk et al. 1993) . Some 25 ng of synthetic oligonuclotide NS3-11 (5¢-CAGTCAAAACCATTGAAGCGGTTAATGCGAAAAAA-CCG) was added to 5 lg of RNA in a 5.5-ll reaction mixture containing 0.25 mM dCTP, 0.25 mM dGTP, 0.25 mM dTTP and 2 lM a-[ 35 S]dATP, and cDNA was synthesised using AMV reverse transcriptase (Boehringer Mannheim GmbH, Mannheim, Germany). After 10 min of incubation at 42°C an excess of cold dATP was added and incubation was continued for another 10 min at 42°C. The primer extension product was analysed on a sequencing gel next to the products of a DNA sequence reaction carried out using the same primer and pNS3 template DNA. The sequences of the transcribed and the sequenced strands are indicated. The A10 region of the promoter and the transcription start point are indicated in bold face both for single-copy screening of regulated promoters and for the construction of targeted transcriptional fusions without gene disruption (Sanders et al. 1995) , and can most probably be used in many dierent bacterial species. The NaCl-inducible expression from the NS3 promoter is conferred by chloride ions and is independent of the osmolarity, ionic strength or sodium ion concentration in the medium. To our knowledge, this is the ®rst observation of gene regulation controlled by Cl A . Induction of transcription by other ions, like Na + , has been described (Dover et al. 1996) . The mechanism by which Cl A induces transcription from this promoter is not known. The lower level of NaCl-dependent lacZ expression from pNS3e compared to pNS3d suggests the presence of cis-acting elements upstream of the promoter. On the basis of similarity, the gene transcribed from the NaCl-dependent promoter is probably gadC. In S.¯exneri gadC is involved in glutamate-dependent acid resistance (Waterman and Small 1996) . The regulation of ClA dependent transcription and its putative relationship to acid resistance are currently being investigated.
